Tumor necrosis factor-␣ (TNF) appears as a key player at both central and peripheral terminals in early degenerative pathology and pain behavior after peripheral nerve injury. Recent studies suggest that TNF may be axonally transported and thereby contribute to these central and peripheral actions. To characterize this transport, we used a double ligation (DL) procedure that distinguishes between anterograde and retrograde flow to visualize the axonal transport of endogenous TNF compared with the neurotrophin nerve growth factor (NGF) and to the neuropeptide calcitonin gene-related peptide (CGRP). In the intact nerve, TNF and CGRP immunoreactivity predominantly accumulated proximal to the DL (anterograde transport), whereas NGF displayed exclusive retrograde transport. At 20 hr after chronic constrictive injury (CCI), the anterograde transport of TNF and CGRP to the nerve injury site was dramatically increased. The results were corroborated by the analysis of axonal transport of exogenously applied 125 I-TNF and 125 I-NGF. After intraneural injection, 125 I-TNF accumulated proximally to a DL, suggesting anterograde transport. In the unligated nerve, 125 I-TNF was specifically transported anterogradely to the innervated muscle but not to skin. After CCI, 125 I-TNF accumulated proximally to the peripheral nerve injury site, and endogenous TNF was exclusively increased in medium-sized and large dorsal root ganglion (DRG) neurons, suggesting that DRG neurons are a major contributing source of increased TNF traffic in the injured sciatic nerve. Our results suggest that anterograde transport of TNF plays a major role in the early neuronal response to peripheral nerve injury at sites distal to the cell body.
Tumor necrosis factor-␣ (TNF) appears as a key player at both central and peripheral terminals in early degenerative pathology and pain behavior after peripheral nerve injury. Recent studies suggest that TNF may be axonally transported and thereby contribute to these central and peripheral actions. To characterize this transport, we used a double ligation (DL) procedure that distinguishes between anterograde and retrograde flow to visualize the axonal transport of endogenous TNF compared with the neurotrophin nerve growth factor (NGF) and to the neuropeptide calcitonin gene-related peptide (CGRP). In the intact nerve, TNF and CGRP immunoreactivity predominantly accumulated proximal to the DL (anterograde transport), whereas NGF displayed exclusive retrograde transport. At 20 hr after chronic constrictive injury (CCI), the anterograde transport of TNF and CGRP to the nerve injury site was dramatically increased. The results were corroborated by the analysis of axonal transport of exogenously applied 125 I-TNF and 125 I-NGF. After intraneural injection, 125 I-TNF accumulated proximally to a DL, suggesting anterograde transport. In the unligated nerve, 125 I-TNF was specifically transported anterogradely to the innervated muscle but not to skin. After CCI, 125 I-TNF accumulated proximally to the peripheral nerve injury site, and endogenous TNF was exclusively increased in medium-sized and large dorsal root ganglion (DRG) neurons, suggesting that DRG neurons are a major contributing source of increased TNF traffic in the injured sciatic nerve. Our results suggest that anterograde transport of TNF plays a major role in the early neuronal response to peripheral nerve injury at sites distal to the cell body.
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Pharmacological and physiological studies suggest that proinflammatory cytokines such as tumor necrosis factor-␣ (TNF) are strongly involved in the generation and maintenance of neuropathic pain (Wagner and Myers, 1996a,b; Sommer and Schäfers, 1998; . In the intact nervous system, TNF is minimally expressed in the peripheral nerve (Sommer and Schä-fers, 1998) and spinal cord dorsal and ventral horn (DeLeo et al., 1997) . Early after nerve injury, TNF protein and mRNA at the injury site are upregulated endoneurially primarily in nonneuronal cells (Griffin et al., 1993; Bizette et al., 1996; La Fleur et al., 1996; Wagner and Myers, 1996a; Sommer and Schäfers, 1998; Taskinen et al., 2000) , and after a brief temporal delay in dorsal root ganglion (DRG) neurons (Murphy et al., 1995) and the spinal cord (DeLeo et al., 1997) . Consistent with a recent report of retrograde axon transport of biotinylated TNF (Shubayev and Myers, 2001 ) and the observation that nonspecific inhibition of axonal transport abolished neuropathic pain in animal models (Yamamoto and Yaksh, 1993; Sotgiu et al., 1998; Cougnon-Aptel et al., 1999 ; but see Jakobsen and Sidenius, 1983; Miller and Spencer, 1985; Filliatreau et al., 1994; White et al., 1996; Kingery et al., 1998; Colburn and DeLeo, 1999) , we hypothesized that TNF generated by focal nerve injury is carried by fast axonal transport to central or peripheral targets and thereby contributes to the development of pain and early pathology after peripheral nerve injury.
In this study, we examined the axonal transport of endogenous and exogenously applied TNF in the intact and chronically constricted rat sciatic nerve. In the intact nerve, we found an exclusive and rapid anterograde transport of TNF to the muscle but not to skin. After chronic constrictive injury (CCI), the anterograde transport of TNF was strongly increased and stopped at the peripheral nerve injury site. Endogenous TNF was expressed in predominantly small DRG neurons in the intact nervous system, whereas after CCI exclusively medium-sized and large DRG neurons upregulated their expression of TNF. It seems likely that DRG sensory neurons are one of the major contributing sources for increased TNF anterograde transport after nerve injury.
MATERIALS AND METHODS
Animals. Female Sprague Dawley rats (200 -250 gm, in total n ϭ 128) were obtained from Charles River (Sulzfeld, Germany). The animals were housed on a 14 hr/10 hr light /dark cycle with standard rodent chow and water ad libitum. E xperimental groups were composed as follows: (1) experiments of endogenous axonal transport of TN F, nerve growth factor (NGF), and calcitonin gene-related peptide (CGRP) (n ϭ 15); (2) experiments of exogenous axonal transport with 125 I-TN F (n ϭ 84) and 125 I-NGF (n ϭ 11); and (3) experiments of double immunofluorescence in the DRG (n ϭ 6) and sciatic nerve (n ϭ 12). The several experimental paradigms are described in Figure 1 .
Surger y. All surgical procedures used herein were performed under deep barbiturate anesthesia using sodium pentobarbital given intraperitoneally at a dose of 50 mg / kg. To visualize anterograde and retrograde transport of endogenous TN F, NGF, and CGRP, we performed a double ligation (DL) procedure that has been used previously to examine the axonal transport of acetylcholinesterase, neurotransmitters, and neurotrophins in the sciatic nerve (Ranish and Ochs, 1972; Ben-Jonathan et al., 1978; Johnson et al., 1987; Z hou and Rush, 1996; Tonra et al., 1998) . Ligations consisted of two 4-0 silk ligatures tied tightly around the rat sciatic nerve 8 mm apart, 1 cm distal to the tendon of the obturator internus muscle (Fig. 1 A-C) . In this model, accumulation of a substance on the proximal (cell body) side provides evidence for anterograde transport from neurons in the spinal cord or DRG, whereas accumulation on the distal (peripheral) side of the double ligature supports retrograde transport. The middle segments provide information about local synthesis (uniform distribution) and accumulation after placement of the ligatures.
To analyze the axonal transport before and after experimental mononeuropathy, some rats received a bilateral CCI as described previously (Sommer and Schäfers, 1998) . Briefly, three ligatures (4-0 chromic catgut) were placed around the sciatic nerve with 1 mm spacing. The ligatures were tightened until they elicited a brief twitch in the respective hindlimb. In these rats, 24 hr later, a DL was placed proximal to the CCI (Fig. 1 B) .
A xonal transport of endogenous TNF, CGR P, and NGF. After 20 hr or 2 d, the double-ligated nerve was removed for immunostaining. For studies of axonal transport of endogenous TN F, NGF, and CGRP, sciatic nerve tissue was harvested in untreated rats and in rats whose sciatic nerve was constricted 1 d earlier. Frozen longitudinal cryostat sections at the level of the ligation were cut at 10 m, mounted on slides, and incubated overnight at 4°C with a polyclonal rabbit anti-rat TN F antibody (Serotec, Oxford, UK), a rabbit anti-rat NGF antibody (Chemicon, Hof heim, Germany), or a rabbit anti-rat CGRP antibody (Peninsula, Heidelberg, Germany). An ABC system (Vector Laboratories, Burlingame, CA) and 3,3Ј diaminobenzidine tetrahydrochloride were used for detection. Controls included omission of primary antibody (AB) and, in the case of TN F, preabsorption with the antigen.
A xonal transport of e xogenous 125 I-TNF and 125 I-NGF. For studies of axonal transport of exogenously applied TN F, rat 125 I-TN F (Amersham Biosciences, Freiburg, Germany; specific activity, 400 -1200 C i /mmol) was used to evaluate and quantif y the uptake and transport of TN F from within the sciatic nerve, gastrocnemius muscle, or plantar skin. All injections were performed under barbiturate anesthesia. In one group of rats, 125 I-TN F was injected into the rat sciatic nerve, which was either double-ligated or untreated (Fig. 1C,D, respectively) . In another group, the sciatic nerve was chronically constricted 1 d before injection, and 125 I-TN F was injected 2 mm proximally to the CCI (Fig. 1 E; in all intraneural injections, 3 C i, in a volume of 5 l). In another group, 125 I-TN F was injected into gastrocnemius muscle or plantar skin (Fig.  1 F,G, respectively; for both treatments, 1.5 C i in a volume of 50 l). 125 I-NGF was used as a positive control for exclusive retrograde axonal transport within the sciatic nerve. Six or 20 hr or 3 d after injection of the radioligands, ipsilateral and contralateral sciatic nerve tissue (Fig. 1C-G) , gastrocnemius muscle ( Fig. 1 D,E) , plantar skin ( Fig. 1 D,E) , and L4 and L5 DRG and lumbar spinal cord (Fig. 1 D-G) were dissected. To follow the movement of the radioligands, each sciatic nerve was cut into 10 equal nerve segments (each 2 mm). To assess systemic distribution of radioactivity by blood flow, samples of liver, lung, and blood gained by intracardial extraction were dissected from rats of each of the different treatment groups. Radioactivity was measured in all samples directly. Each sample was counted for 5 min in a gamma counter, and background was subtracted.
Endogenous TNF in the rat sciatic nerve and DRG before and af ter CCI. Sciatic nerve tissue was harvested from uninjured rats and rats 3 and 12 d after CCI. Three-millimeter-long sciatic nerve segments distal to the ligatures and corresponding segments from the controls were deepfrozen and processed for histology. Immunofluorescence was performed on 12 m cryosections with a polyclonal rabbit anti-mouse TN F AB (Serotec; 1:500). For double immunofluorescence with TN F, a monoclo- Figure 1 . Schematic of the experimental treatments used to determine the axonal transport of endogenous (A, B) and exogenously applied 125 I-labeled ( C-G) TNF. To visualize anterograde and retrograde transport of endogenous TNF, NGF, and CGRP, we performed a DL procedure (A, B) . To analyze the axonal transport before and after experimental mononeuropathy, some rats received additionally a bilateral CCI made 1 d earlier ( B, E) . For the study of exogenously applied 125 I-TNF and 125 I-NGF, the following paradigms were used: C, the radioligands were injected into a double-ligated rat sciatic nerve; D, the radioligands were 4 injected into the intact sciatic nerve; E, the radioligands were injected 2 mm proximally to a CCI of the sciatic nerve made 1 d earlier; and F, G, the radioligands were injected into the gastrocnemius muscle ( F) or plantar skin ( G) . As illustrated by the dotted boxes, the ipsilateral and contralateral sciatic nerve, gastrocnemius muscle, plantar skin, lumbar DRG, and spinal cord were dissected for detection of radioactivity after 6 and 20 hr or 3 d. In the sciatic nerve, 2 mm segments were separately analyzed.
nal mouse anti-rat S100 AB (Chemicon; 1:100) or monoclonal mouse anti-rat ED-1 AB (Serotec; 1:2000) was used as primary AB. A C y3-conjugated secondary AB (Amersham; 1:500) and C y2-labeled secondary AB (Amersham; 1:500) were used for detection. L umbar DRGs (L4 and L5) were harvested in uninjured rats and in rats 4 d after CCI. Every 10th section of serial 10 m cryosections of the L5 ganglion was immunostained for TN F with a C y3-conjugated secondary AB (Amersham; 1:500) and isolectin I B4 (Sigma, St. L ouis, MO; 1:50) with an E xtrAvidin-conjugated secondary AB (Sigma; 1:100). This resulted in an average of 15 stained sections per ganglion.
Morphometr y. The immunostained DRG sections were viewed and digitized at a magnification of 100ϫ with a Z eiss (Oberkochen, Germany) Axiophot 2 microscope using a f ully motorized scanning table (Märzhauser) and Image Pro Plus (version 4.0) software (Media C ybernetics Inc., Silver Spring, MD). A density threshold was set to identif y the immunoreactive neuronal profiles. The number and cross-sectional area of the immunoreactive profiles were measured and expressed in a histogram.
Statistical anal ysis. Comparisons of the amount of radioactivity of different tissues and morphometric data were performed by using repeated measures ANOVA followed by a least significant difference post hoc test (Stat View 5.0). References associated with p Ͻ 0.05 were considered statistically significant. All data are given as mean Ϯ SE.
RESULTS

Increased anterograde transport of endogenous TNF after chronic constriction injury
To examine the transport of endogenous TNF in the retrograde or anterograde direction, we used the DL technique. To validate this approach, we examined NGF and CGRP accumulation by immunohistochemistry. At 20 hr after placement of the DL, NGF-IR was visible on the distal side of the distal ligature (Fig.   2 B) and on the distal side of the proximal ligature (Fig. 2 A) , confirming its exclusive retrograde axonal transport (Palmatier et al., 1984; Korsching and Thoenen, 1985; Tonra et al., 1998) . Because modulation of axonal transport by neuronal injury has been reported for neurotrophins, we next examined the effect of nerve injury on axonal transport. A DL was placed on the rat sciatic nerve proximal to a CCI made 1 d earlier. After previous nerve injury, the accumulation of NGF-IR distally to both ligatures was moderately increased (Fig. 2C,D) . CGRP-IR accumulated proximally and distally to the ligatures 20 hr after placement (Fig. 3A,B) in the double-ligated but otherwise intact nerve, confirming the anterograde and retrograde transport of this neuropeptide (Kruger et al., 1985; IshidaYamamoto et al., 1989; Li et al., 1992; Tonra et al., 1998) . After CCI, CGRP-IR proximal to the proximal ligature significantly increased (Fig. 3C) , suggesting increased anterograde transport of endogenous CGRP, whereas there was no significant change distally to the ligature (Fig. 3D) .
TNF-IR accumulated distally and proximally to both ligatures 20 hr after placement (Fig. 4 A,B) , suggesting retrograde and anterograde axonal transport in the double-ligated but otherwise intact sciatic nerve. CCI resulted in a significant increase of TNF-IR proximal to the proximal ligation (Fig. 4C) , suggesting upregulated anterograde transport of endogenous TNF after CCI. Distal to the distal ligature or between both ligatures, there was no additional increase of the TNF-IR after CCI, indicating no increase of retrograde transport (Fig. 4 D) . The immunohistochemical results were corroborated by the analysis of the axonal transport of exogenously applied 125 I-TNF and 125 I-NGF. To validate this approach, 125 I-NGF was injected into the double-ligated sciatic nerve (Fig. 1 C) , and radioactivity was detected 20 hr later (Fig. 5A) .
125 I-NGF radioactivity was three times greater in the nerve segment distal to the proximal ligature (L1, segment Ϫ4) than in the segment proximal to the distal ligature (L2, segment ϩ4; p Ͻ 0.05) and five times greater than in the nerve segment proximal to the proximal ligature (L1, segment Ϫ8; p Ͻ 0.05). These data demonstrate the predicted retrograde transport of exogenous 125 I-NGF. At 20 hr after intraneural injection of 125 I-TNF in a double-ligated nerve (Fig. 5B) , radioactivity significantly accumulated in the nerve segment proximal to the distal ligature (L2, segment ϩ4) and was three times greater than in the nerve segments distal to the proximal ligature (L1, segment Ϫ4; p Ͻ 0.05) and distal to the distal ligature (L2, segment ϩ8), suggesting anterograde transport of exogenously applied TNF.
After injection of 125 I-TNF into an intact sciatic nerve (Fig.  6 A) , radioactivity accumulated significantly in the sciatic nerve segments distally to the injection (segments ϩ4, ϩ6, and ϩ8 vs segments Ϫ4, Ϫ6, and Ϫ8; p Ͻ 0.05). Maximal accumulation was achieved after 6 hr, suggesting a fast anterograde transport rate of exogenous 125 I-TNF. When the sciatic nerve was injured by a chronic constriction injury made 1 d before intraneural injection of 125 I-TNF (Fig. 6 B) , radioactivity accumulated proximally to the CCI nerve segments 20 hr after injection (segments Ϫ2 and 0) and was not transported across the CCI (segments ϩ6 and ϩ8).
No retrograde transport of 125 I-TNF after intramuscular, intradermal, or intraneural injection
To examine whether skin or muscle afferents were involved in the axonal transport of 125 I-TNF, rats were injected intradermally in the foot or into the gastrocnemius muscle with the sciatic nerve intact (Fig. 1 F,G) . When 125 I-NGF was used as a positive control for retrograde transport, radioactivity significantly accumulated in all ipsilateral sciatic nerve segments and DRG 20 hr after intramuscular and intradermal injection (data not shown). After intramuscular or intradermal injection of 125 I-TNF, there was no accumulation of radioactivity in the sciatic nerve segments or in the DRG or spinal cord 6 and 20 hr and 3 d after injection, suggesting no retrograde transport of 125 I-TNF in skin or muscle afferents to the sciatic nerve (data not shown).
To examine whether endoneurial 125 I-TNF was transported retrogradely to the DRG or spinal cord, 125 I-TNF was injected into the intact rat sciatic nerve. When 125 I-NGF was used as a positive control for retrograde transport, radioactivity significantly accumulated in the ipsilateral DRG. This accumulation was blocked by DL placed on the nerve immediately before intraneural injection ( Fig. 7A ; p Ͻ 0.05 ipsilateral DRG in the intact nerve vs ipsilateral DRG with DL). After intraneural (Fig. 7B) .
Early anterograde transport of exogenous 125 I-TNF to the innervated muscle
Potential targets of anterogradely transported TNF are the innervated skin or muscle. To consider these potential targets, 125 I-TNF was injected into the intact sciatic nerve, and radioactivity was measured in plantar skin and gastrocnemius muscle. Six and 20 hr after intraneural injection of 125 I-TNF, 125 I accumulated in the ipsilateral gastrocnemius muscle, with an early maximum after 6 hr ( p Ͻ 0.001 for ipsilateral vs contralateral after 6 hr; Fig. 8 A) . To examine the influence of nerve injury on anterograde transport of TNF to the muscle, 125 I was analyzed 20 hr after intraneural injection of 125 I-TNF 2 mm proximally to a CCI or DL made 1 d earlier (Fig. 8 B) . Both types of ligature reduced accumulation of 125 I in the ipsilateral muscle significantly ( p Ͻ 0.05 for ipsilateral muscle with intact nerve vs ipsilateral muscle after DL and ipsilateral muscle after CCI). Unlike the muscle, there was no accumulation of 125 I in the ipsilateral skin with an intact or injured sciatic nerve (Fig. 8C ).
Potential sources of anterogradely transported TNF
Potential sources of anterogradely transported TNF are DRG sensory neurons, motor neurons, or Schwann cells within the nerve. Some evidence suggests expression of TNF in motor horn cells (DeLeo et al., 1997; Villarroya et al., 1997) . As shown previously, TNF-IR is strongly increased in the sciatic nerve after CCI (Sommer and Schäfers, 1998) . We used double immunofluorescence to localize TNF expression in the peripheral nerve and DRG cells before and after neuronal injury. In the uninjured rat sciatic nerve, TNF-IR could be identified in Schwann cells of myelinated and unmyelinated axons (Fig. 9a) . After nerve injury, TNF-IR in activated Schwann cells was greatly increased (Fig.  9b) , whereas endoneurial macrophages were not TNFimmunoreactive (data not shown). In the DRG of an intact sciatic nerve, mostly small DRG neurons were TNF-immunoreactive. After CCI, medium-sized to larger DRG neurons that were not isolectin IB4-positive increased their expression of TNF (Fig.  9c,d ). This is supported by the quantitative analysis of the crosssectional area of immunoreactive DRG cells before and after CCI. Neurons with a cross-sectional area between 600 and 1000 m 2 significantly increased their expression of TNF after CCI ( p Ͻ 0.05; Fig. 10 ). From these results, it is likely that DRG neurons are a major contributing source of anterogradely transported TNF in the intact and injured peripheral nervous system.
DISCUSSION
Anterograde transport of endogenous and exogenous TNF in the intact and injured peripheral nerve
We have presented several lines of evidence that TNF is anterogradely transported in the rat sciatic nerve. Using the double ligation approach, we demonstrated that endogenous TNF accumulated proximally to a ligation over 20 hr. This elevation did not reflect an overall increase in protein in the nerve, because there was no uniform distribution of TNF-IR in the nerve segment between the two ligations, indicating a lack of significant local TNF synthesis or influx. Exogenous intraneural injection of 125 I-TNF into a double-ligated nerve resulted in significant accumulation proximal to the ligature. Injection of 125 I-TNF into the intact nerve showed a significant increase of 125 I-TNF in the distal but not proximal nerve segments. After intraneural injection of 125 I-TNF, there was a time-dependent accumulation in the peripheral targets, which surprisingly was exclusively limited to the ipsilateral innervated muscle but not skin.
TNF anterograde transport of endogenous TNF was increased after nerve injury, concomitantly with increased TNF-IR in DRG neurons. Thus, one explanation for the increased amount of TNF transported to the proximal ligature may be the increased availability of the cytokine. Alternatively, as shown for neurotrophins , increased TNF transport may be related to upregulation of its cell surface receptors or a redistribution of preexisting receptors within the injured DRG or nerve fibers. Indeed, constitutive TNF receptor 1 (TNFR1) transcripts can be detected in DRG of untreated rats, and TNFR2 is induced after stimulation (Li et al., 2001 ). In the peripheral nerve, TNFR1 and 2 have been identified and may be responsible for increased uptake of TNF (Shubayev and Myers, 2001) , possibly from nonneuronal cells, as shown here. Furthermore, neuronal transport may generally be upregulated because of the increase of transport capacity of injured neurons, possibly related to increased expression of axonal transport motor proteins, as shown in axotomized hypoglossal motoneurons (Su et al., 1997) .
Anterograde transport of CGRP was also increased after nerve injury in the present study. In a previous study with CCI, the axons spared by the injury increased the axonal transport of CGRP to the ipsilateral gracile nucleus (Ma et al., 1999) . However, in other animal models with greater damage to nerve fibers such as crush injury, dorsal rhizotomy, or axotomy, the anterograde transport of CGRP was not increased (Kashiba et al., 1997; Tonra et al., 1998) .
No evidence of retrograde transport of TNF to the DRG or spinal cord
In contrast to a recent study with exogenous biotinylated TNF (Shubayev and Myers, 2001) , we found no evidence of retrograde axonal transport of exogenous TNF to the DRG or spinal cord after intraneural, intradermal, or intramuscular injection, although the analysis of the endogenous TNF transport suggested retrograde transport of endogenous TNF in the intact but not in the CCI injured nerve. These results might be related to the A, In the intact nerve, the nerve segments peripheral to the injection site significantly accumulate 125 I, suggesting anterograde transport. This accumulation is maximal after 6 hr (*p Ͻ 0.05 for segments 4, 6, and 8 vs segments Ϫ4, Ϫ6, and Ϫ8). B, After CCI, the intraneurally injected 125 I-TNF is accumulated proximally to the CCI segments (*p Ͻ 0.05 for segments Ϫ2 and 0 vs segments 6 and 8). different techniques. First, biotinylated and radiolabeled TNF may not share the same characteristics regarding transport mechanisms, because biotin itself and its derivates are known to be anterogradely and retrogradely transported (Halfter, 1987; Lapper and Bolam, 1991) and may produce collateral labeling of parallel fibers (Chen and Aston-Jones, 1998) . Second, different sites of injection have been shown to change the amount and time course of the transport of the substance injected . In our study, radioligands were injected 2 mm proximally to the nerve lesion, which is reported to produce a long-lasting increase of anterograde transport for neurotrophins . Injection directly into the nerve injury site causes a high but short-lasting increase of axonal transport, possibly attributable to local changes in the membrane structure and turnover at the site of injury (Kristensson and Olsson, 1976; Malmgren et al., 1978; Curtis et al., 1998) . The injection of 125 I-NGF, our positive control for retrograde transport, resulted in a significant accumulation in the ipsilateral but not in the contralateral DRG after intraneural and intradermal injection. In accordance with other studies using nerve crush , we found significant retrograde transport of exogenous 125 I-NGF to the DRG after CCI, which was in line with an elevated content of 125 I-NGF in the ipsilateral sciatic nerve segments after intramuscular injection.
125 I-NGF also accumulated in the ipsilateral DRG after intradermal injection, suggesting retrograde transport in sensory neurons. NGF is known to promote the survival and regeneration of sensory neurons after nerve injury (Otto et al., 1987; Rich et al., 1987 Rich et al., , 1989 Gold et al., 1991) . As shown previously, 125 I-NGF did not accumulate in the spinal cord of unlesioned rats or in rats after nerve injury (DiStefano et al., 1992) . 125 I in the ipsilateral and contralateral gastrocnemius muscle. After 6 hr, the ipsilateral gastrocnemius muscle shows a significant increase of 125 I-TNF (***p Ͻ 0.001 for ipsilateral vs contralateral gastrocnemius muscle), suggesting fast anterograde transport. After 20 hr there is still a trend of accumulation in the ipsilateral gastrocnemius muscle, which is not statistically significant. B, The accumulation of 125 I in the ipsilateral gastrocnemius muscle 20 hr after injection can be blocked by a DL or CCI of the sciatic nerve made before the injection, suggesting axonal transport (*p Ͻ 0.05 for intraneural injection in the intact nerve vs intraneural injection within a DL or proximally to a CCI). C, There is no accumulation of 125 I in the plantar skin after injection of 125 I-TNF into the intact, double-ligated, or CCI-lesioned sciatic nerve. CPM, Counts per minute.
ipsilateral muscle but not in skin may suggest specific axonal transport of TNF in possibly medium-sized or even larger fibers. This is congruent with the fast transport rate of TNF, which is in accordance with the fast transport rate of most of the neurotrophins (Vallee and Bloom, 1991) . The model of nerve injury chosen in this study, the CCI, causes injury of predominantly large fibers (Sommer et al., 1995; Daemen et al., 1998) , which may explain why TNF anterograde transport was disturbed distally to this lesion. A mechanical block of transport by the CCI ligatures may also be considered. The lack of TNF accumulation in the innervated skin might also be related to technical issues. The physical size and level of innervation of skin compared with the gastrocnemius muscle is much smaller; therefore, TNF accumulation in the free nerve endings of skin might be not detectable with the techniques used in the present study. Alternatively, small neurons labeled for TNF in the DRG may subserve noncutaneous functions. Additional studies with more sensitive detection techniques, such as emulsion autoradiography, might address these questions.
There are several potential sources of anterogradely transported TNF. Within the peripheral nerve, non-neuronal cells, primarily Schwann cells, express TNF (Wagner and Myers, 1996a; Sommer and Schäfers, 1998) . Axonal transport of Schwann cell-derived TNF requires cytokine uptake by axonal receptors from these non-neuronal cells into the nerve. These axonal receptors may be the underlying mechanism for the axonal transport of intraneurally injected TNF. In addition, sensory neurons in the DRG are a second potential source of anterogradely transported endogenous TNF. In the intact nervous system, mostly small DRG neurons are TNF-immunoreactive. After CCI, medium-sized to large DRG neurons increase their expression of TNF. 
Possible role of anterogradely transported TNF
There are several hypotheses for the physiological role played by anterogradely transported TNF. Because anterograde transport of endogenous TNF to the peripheral nerve injury site is increased after CCI, it may be relevant to pain-associated behavior after nerve injury. Anterogradely transported TNF accumulates in muscle but not in skin. Interestingly, axotomized and intact muscle afferents but not skin afferents develop ongoing activity of dorsal root origin after a peripheral nerve lesion (Michaelis et al., 2000) . Anterogradely transported TNF may also be relevant for early degenerative pathology. For example, TNF may take part in the regulation of degeneration and regeneration by inhibiting the protective effects of another anterogradely transported molecule, IGF-1, because these two factors are thought to have opposing effects (Loddick and Rothwell, 1999; von Bartheld et al., 2001 ).
In conclusion, TNF is specifically transported to the innervated muscle, and after damage to the peripheral nerve, TNF anterograde transport is dramatically increased. The specificity of these findings suggests an important role for this cytokine in the function of the peripheral nervous system and in the response to nerve injury. Figure 10 . Histogram illustrating the size distribution of TNFimmunoreactive DRG neuronal profiles before ( gray bars) and 4 d after (black bars) CCI. In the intact nervous system, most TNFimmunoreactive DRG cells are small. After CCI, TNF immunoreactivity is increased exclusively in medium-sized to large DRG neurons (*p Ͻ 0.05 for cells with a cross-sectional area between 600 and 1000 m 2 , compared before and after CCI).
